The effect of operating temperature on durability was investigated for direct butane utilization using microtubular solid oxide fuel cells (SOFCs). At 710°C, the performance of the Ni-Gd doped ceria (Ni-GDC) anode deteriorated rapidly for less than 2 h in butane fuel with relatively low steam/carbon (S/C) ratio at 0.044 because of a large amount of carbon deposition by butane cracking. The carbon nanofiber grew up from catalysis in the Ni-GDC anode after direct butane utilization at 660°C for 15 h. The carbon deposition rate in wet butane was slower than that in dry butane below 660°C on the Ni-GDC composite, because the oxidation of deposited carbon was also promoted by catalysis in the presence of water. The electric power could be generated continuously for more than 24 h in butane at S/C = 0.044 and relatively low operating temperature at 610°C using the Ni-GDC anode. Decrease in the operating temperature realized high durability against carbon deposition for direct butane utilization of SOFCs using the Ni-GDC anode.
Introduction
In principal, solid oxide fuel cells (SOFCs) can directly use not only hydrogen but also hydrocarbon fuels. Some researchers have demonstrated electric power generation by SOFCs with internal reforming of propane, 1 n-dodecane, 2 biogas, 3 and more for 25 to 250 h. Furthermore, some Japanese manufacturers were successful in operating 1200 kW stationary SOFC systems with external reforming of methane fuel for 6000 to 25000 h. 4, 5 On the other hand, hydrocarbon can be decomposed into hydrogen and solid carbon at high temperatures. Carbon deposition causes rapid deterioration of anode performance due to the deactivation of electrode catalysts and the inhibition of fuel diffusion for SOFCs. 6 Hydrocarbon fuels are generally supplied with a steam/carbon (S/C) ratio larger than 2.0 in order to prevent the carbon deposition by internal and/or external reforming for SOFCs. However, fuel and water supply systems are supposed to be simplified and, as a result, it is possible to reduce costs for the realization of SOFC systems. No deterioration of the anode performance is currently expected to occur in the short term, even if dry or low-S/C ratio hydrocarbon fuels are supplied in case of failure of the fuel and water supply systems.
Previously, the effect of oxide species in SOFC anodes has been investigated on carbon deposition and oxidation behaviors during the direct methane utilization at low S/C ratios. 7 A cermet composed of nickel-yttria stabilized zirconia (Ni-YSZ) is widely used as an anode material of SOFCs. Amorphous carbon easily deposited on the Ni-YSZ anode in methane at S/C < 1 and high temperatures above 800°C, which caused rapid degradation of anode performance. 8 The change from YSZ to scandia stabilized zirconia (ScSZ) in the Ni-based anodes for SOFCs enabled continuous generation of electric power over a period of several hundred hours in methane at S/C = 0.03 and 1000°C. 7 After the direct methane utilization, crystalline graphite nanofibers grew up from the Ni catalysts in the Ni-ScSZ anode, which affected the catalytic deactivation less than amorphous carbon. Murray et al. 9 also demonstrated direct methane utilization of SOFC with low S/C ratio by decreasing the operating temperature from the range of 800 1000°C to the range of 550650°C. The carbon deposition rate and the graphitization degree varied in accordance with the change in the operating temperature at low S/C ratios in methane fuel, which strongly affected the durability of the performance of Ni-based anodes in SOFCs. 10 Methane is a main component of natural gas, which is a suitable fuel for stationary applications.
On the other hand, the realization of small-scale portable SOFC systems are also expected to improve the energy conversion efficiency. Several researchers tried direct utilization of liquid hydrocarbon fuels such as methanol, 11, 12 ethanol, 13,14 n-decane, 15 and toluene 16, 17 in SOFCs. However, it is well known that carbon more easily deposited without steam reforming when the carbon number in hydrocarbon fuels increases. 18, 19 Gorte et al. demonstrated direct butane utilization in SOFCs using a Cu-ceria anode. 20 Although the Cu-based anodes can inhibit carbon deposition in comparison to the Ni-based anodes, the Cu-based anodes have a lower catalytic activity of electrochemical fuel oxidation than the Ni-based anodes. It was also reported that a bi-metallic Cu-Co-based anode was expected to indicate high performance in dry n-butane.
21
Propane and butane, which are the main components of liquefied petroleum gas (LPG), are also suitable for portable applications due to the fact that they can be liquefied easily. However, the performance of the Ni-ScSZ anode deteriorated rapidly for less than 4 h in butane at S/C = 0.044 in spite of a low operating temperature at 610°C. 22 A large amount of carbon nanofiber was observed on the Ni-ScSZ anode after the direct butane utilization for microtubular SOFCs. This result supports the hypothesis that the carbon deposition rate in butane is faster than that in methane for the Ni-zirconia anodes. As reported in the previous paper 22 that the cell with a Ni-Gd doped ceria (Ni-GDC) performed as anode continuously for more than 24 h in butane at S/C = 0.044 and 610°C. Cerium can be reduced from Ce 4+ to Ce 3+ under low oxygen partial pressure and high temperature, 23 which causes the suppres-sion of carbon deposition on the Ni-GDC anode in butane at low S/C ratios. However, the carbon deposition rate might increase at high temperature. It was also reported that the carbon deposition rate for Ni-Sm doped ceria (Ni-SDC) was faster than that for Nizirconia anodes in methane at 1000°C. 1 The effect of the operating temperature on the carbon deposition behavior in butane fuel for Niceria based anodes of SOFCs has never been investigated precisely.
In this study, the effect of operating temperature on durability against carbon deposition was investigated for direct butane utilization in microtubular SOFCs with a Ni-GDC anode. Kendall et al. 24, 25 and Yashiro et al. 26 demonstrated direct butane power generation for short time using microtubular SOFCs. The compatibility of a low operating temperature (550°C) and a high power density (1 W/cm 2 ) were previously verified for microtubular cells with a diameter of 12 mm in hydrogen fuel. 27, 28 We evaluated direct butane utilization in anode-supported microtubular SOFCs at low temperatures from 610 to 710°C.
Experimental

Sample preparation
Anode microtubes were constructed from NiO (Sumitomo metal mining), Ce 0.9 Gd 0.1 O 1.95 (GDC; Shin-etsu Chemical), pore former (acrylic resin; Sekisui Plastic) and binder (Cellulose; Yuken Kogyo) powders. The weight ratio of NiO to GDC was 60:40, and the particle size of the pore former was ca. 5 µm. These powders were mixed with a kneading machine by adding an appropriate amount of water over a period of 2 h. The hardness of the mixture clay was ca. 12 measured by a type A durometer (ISO 7619). The anode microtubes were extruded using a piston cylinder with a metal hold with an outside diameter of 2.4 mm and an inside diameter of 2.0 mm. After extrusion, the tubes were dried overnight in air at room temperature. A slurry was prepared by mixing 8YSZ, binder (polyvinyl butyral; Sekisui Chemical) dispersant (tallow propylene diamine, Kao) and plasticizer (dioctyl adipate; Wako Pure Chemical Industries) into ethanol and toluene solvents for 48 h. The 8YSZ electrolyte was formed by dip-coating at a pulling rate of 1 mm/s. The 8YSZ thin-film electrolyte and the NiO-GDC anode microtube were co-sintered for 1 h in air at 1350°C. The interlayer of GDC and the cathode of La 0.6 Sr 0.4 Co 0.2 Fe 0.8 O 3 (LSCF; Dowa Electronics Materials)-GDC (70:30 wt%) were coated by a similar manner. The pulling rates of the dip-coater were 1 and 2 mm/s for the interlayer and the cathode, respectively. The interlayer and cathode thinfilm layers were sintered sequentially for 1 h in air at 1200 and 1050°C, respectively. The microstructure was observed using a field emission-scanning electron microscope (FE-SEM; JEOL JSM-6330F) with an accelerating voltage of 15 kV. Figure 1 shows the picture (a) and a scanning electron image (b) of the anode-supported microtubular SOFCs used in this study. The outside diameter of the microtube was 1.8 mm, and the areas of anode and cathode were 1.8 and 0.6 cm 2 , respectively, after sintering. The thicknesses of the anode, electrolyte, interlayer, and cathode were ca. 200, 5, 1, and 20 µm, respectively. Silver wires were used as a current collector.
Electrochemical and catalytic evaluation
The characteristics of power generation and AC impedance were evaluated with potentiostat/galvanostat build in impedance analyzer (Autolab PGSTAT302). A mixture of n-C 4 H 10 :i-C 4 H 10 :H 2 O:N 2 = 11:6:3:80 (S/C = 0.044) was supplied as fuel at a flow rate of 100 mL/min to the anode side, and air was supplied as oxidant at 100 mL/min to the cathode side. The operating temperatures were 610, 660, and 710°C. Current-voltage (i-V) characteristics were measured from open circuit voltage (OCV) to 0.4 V at a sweep rate of 5 mV/s. AC impedance was measured under OCV in the frequency range from 100 kHz to 0.1 Hz with 20 steps per logarithmic decade. The power density (W/cm 2 ) and the specific area resistance (³ cm 2 ) were normalized to the cathode area (0.6 cm 2 ). Impedance spectra are generally analyzed by the complex nonlinear least squares (CNLS) method on the assumption of an equivalent circuit. 29 A parallel resistance-capacitance element (RC) has a single relaxation time¸defined by the appropriate R and C values (¸= RC). However, the relaxation response of electrochemical processes cannot be perfectly fitted by one RC when the relaxation time shows a distribution. Therefore, the polarization resistances are generally fitted to resistance-constant phase element (R-CPE). In this study, the distribution of relaxation time (DRT) related to the electrochemical processes were directly calculated from the experimental impedance spectra as similar to the previous papers. 30, 31 Polarization impedance Z pol (½) are considered to be an equivalent circuit composed of an infinite number of RC elements in the following series:
Here, R pol is the total DC polarization resistance, £ (¸) is the DRT function, ½ is the angular frequency and j is the imaginary unit. If the real and imaginary parts of the impedance spectra are satisfied with the Kramers-Kronig relation, 32, 33 it is sufficient to consider only the imaginary part of the impedance: 
Since the impedance spectra are measured logarithmically, the frequency variables have to be substituted as follows:
with y ¼ lnð½¸Þ; gðy À xÞ ¼ £ð¸ÞŢ he distribution function g(x) in doubly Fourier transformed space was calculated using the software program FTIKREG 34 to solve an ill-posed inverse problem by Tikhonov's regularization method. However, it is impossible to obtain good results for DRT analysis for impedance spectra with an inductance at high frequencies. 35, 36 The inductance components were removed from the impedance spectra by the same method as described in Ref. 36 before DRT analysis in this study.
The weight change was measured with thermogravimetry (TG; Shimadzu TG-8120) in dry and humidified butane (S/C = 0 and 0.044) at 610, 660, and 710°C after reduction in 57%H 2 -N 2 for 1 h to evaluate the carbon deposition rate on the Ni-GDC composite. The NiO-GDC microtubes were crushed and sieved to a particle size of 0.851.7 mm before use in TG analyses. However, the OCV was 110 mV smaller than the theoretical EMF at 710°C, which suggested the occurrence of a small amount of gas leakage. The slopes of the i-V curves were more gradual at high current densities in the butane fuel. This might be caused by the promotion of the electrochemical oxidation of deposited carbon and the reforming of hydrocarbon fuel at high current densities. Maximum power densities were 0.22, 0.28, and 0.38 W/cm 2 at 610, 660, and 710°C, respectively. These values are larger than those in the previous report for direct butane utilization in SOFCs. 37, 38 Figure 4(a) shows the AC impedance spectra for the anodesupported microtubular SOFCs in 17%C 4 H 10 -3%H 2 O-80%N 2 mixture at 610, 660, and 710°C. The impedance were measured between the anode and cathode under OCV state. The impedance arc at a low frequency decreased especially with a rise in the operating temperature. The characteristic frequencies of the largest arcs were 0.2, 0.3, and 1.6 Hz at 610, 660, and 710°C, respectively. The increase in the characteristic frequencies suggested that the butane reforming was promoted with a rise in the operating temperature. In Fig. 4(a) , the symbols are raw impedance spectra, and the lines are modified spectra after removal of inductance which is estimated by fitting with ZView 3.2 (Scribner Association) using the equivalent circuit. 36 The real and imaginary parts of impedance and DRT spectra after the removal of inductance are shown in Fig. 4(b) . Five peaks were detected by the DRT analysis, which agrees with the previous report. 36 The peaks at 10 4 Hz (R 1 c ) and 10 Hz (R 2 c ) were ascribed to the ionic conduction process in the LSCF bulk and adsorption/desorption process on the LSCF surface, respectively, on the LSCF-GDC cathode. 39 These resistances decreased with a rise in the temperature. On the other hand, a large DRT peak was detected at 0.12 Hz (R 3 a ) at each operating temperature. The relaxation frequencies agreed with the characteristic frequencies of the largest arcs in the Nyquist plot of Fig. 4(a) . Kromp et al. reported that the component of reformate process appeared at low frequencies below 1 Hz. 40 In this case, the peak of R 3 a is ascribed to the diffusion and reformate processes on the anode. This resistance increased significantly with a decrease in the operating temperature, because butane is difficult to reform at low temperatures. In the inset of Electrochemistry, 81(2), 8691 (2013) Fig. 4 (b) , the small peaks were detected at 10 3 Hz (R 1 a ) and 10 2 Hz (R 2 a ), which also agreed with the result in hydrogen fuel. 36 These peaks are ascribed to the charge transfer process on the Ni-GDC anode with a slight change against the operating temperature. The resolution of DRT spectra is improved, when the regularization parameter is small. However, a false noise cannot be distinguished from a true peak by only using a small regularization parameter. Further investigation under several different conditions such as operating temperature and oxygen partial pressure is needed to order to optimize the condition of DRT analysis and understand more detailed electrode reaction processes for microtubular SOFCs.
Results and Discussion
We investigated the effect of the operating temperature on durability during direct butane utilization in the anode-supported microtubular SOFCs. Figure 5 shows the time course of cell voltage with a current loading of 0.2 A/cm 2 in 17%C 4 H 10 -3%H 2 O-80%N 2 mixture at 610, 660, and 710°C. At 710°C, the voltage dropped rapidly to less than 0 V after the direct butane utilization for less than 2 h. The OCV was lower than the theoretical EMF at 710°C as shown in Fig. 3 , because some cracks might be created in the electrolyte thin-film by a large amount of carbon deposition at an initial stage. At 660°C, the voltage increased to 0.8 V after the stable power generation for the initial-12 h at S/C = 0.044 in butane. The electric conductivity could potentially be improved by the deposition of conductive graphite on the anodes. 41 However, the voltage dropped immediately, because a large amount of deposited carbon caused the deterioration of Ni catalytic activity. On the other hand, power can be generated continuously for more than 24 h at 610°C and S/C = 0.044 in butane. This would indicate that the operating temperature strongly affects durability during the direct butane utilization in anode-supported microtubular SOFCs. Figure 6 shows the scanning electron images of the Ni-GDC anodes after the direct butane utilization at (a) 610, (b) 660, and (c) 710°C for 24, 15, and 2 h, respectively. The anode microstructure was kept and carbon nanofiber was not observed after the direct butane utilization at 610°C for 24 h. On the other hand, deposited carbon was coated on the Ni catalysts and many carbon nanofibers grew up from the Ni catalysts after the direct butane utilization at 660°C for 15 h. These carbon nanofibers grew up from Ni catalysis at low temperatures. The growth of carbon nanofibers affected the Ni catalytic deactivation less, when the surface of the Ni catalysts was kept clean. 10 However, the carbon was also deposited on the surface of the Ni catalysts as shown in Fig. 6(b) , which caused the degradation after the direct butane utilization at 660°C for 15 h. Although carbon nanofibers were not observed after the direct butane utilization at 710°C for 2 h, large amount of carbon was deposited not only on the Ni catalysts but also on the GDC particles. The carbon deposition was also confirmed on the inside of an alumina tube for the supply of the butane fuel at 710°C. These results indicated that butane can be cracked without a catalyst at high temperatures above 710°C. A large amount of carbon The carbon deposition rate was evaluated by TG in dry and wet butane (S/C = 0 and 0.044) at 610, 660, and 710°C as shown in Fig. 7 . The carbon deposition rate increased with a rise in temperature. The rates were the same in dry and wet butane at 710°C. There is no effect of humidification against butane cracking at high temperatures. On the other hand, the carbon deposition rate in wet butane was slower than that in dry butane below 660°C. In particular, the weight change was significantly little at 610°C in wet butane, which agreed with the lack of observed carbon deposition in Fig. 6(a) . Of course, the butane reforming rate might also be slow at low temperatures. We plan to evaluate the exhaust gas composition after internal reforming of butane at low S/C ratios and low temperature for Ni-GDC anode in the near future. It was concluded that the Ni-GDC anode had high catalytic activity against electrochemical oxidation of deposited carbon at a low temperature of around 600°C.
Conclusions
In this study, the effect of operating temperature on durability was investigated for direct butane utilization in anode-supported microtubular SOFCs. Electric power can be generated continuously for more than 24 h at 610°C and S/C = 0.044 in butane. The anode microstructure was kept and no carbon nanofiber was observed after the direct butane utilization at 610°C. However, the voltage suddenly dropped after the direct butane utilization for 15 h and 2 h at S/C = 0.044 in butane at 660 and 710°C, respectively. While many carbon nanofibers grew up from the Ni catalysis at 660°C, large amount of carbon was deposited rapidly not only on the Ni catalysts but also on the GDC particles by butane cracking at 710°C. The carbon deposition rate in wet butane at S/C = 0.044 was confirmed to be slower than that in dry butane below 660°C by TG analysis. The Ni-GDC anode had high durability against carbon deposition with relatively low operating temperature at ca. 600°C for direct butane utilization in SOFCs. Electrochemistry, 81(2), 8691 (2013)
